The quartz crystal microbalance ͑QCM͒ has evolved from simple thickness monitoring in vacuum deposition systems into sophisticated electrochemical and biological sensors in liquid and gaseous environments. 1 The development of dissipative QCM has allowed the simultaneous monitoring of the viscoelastic properties of attached layers with their mass loading, 2 and can be further expanded with electrochemical techniques such as cyclic and stripping voltammetry. 3 As these experimental techniques evolve in complexity, the standardization of the surface of the QCM element becomes increasingly important. Diamond is an ideal surface for many biological and electrochemical applications due to its wide electrochemical window, 4 tuneable wettability by simple stable surface terminations with nanoscale resolution, 5 low friction, 6 extreme chemical stability, and bioinertness. 7 Most significantly, the surface of diamond has been shown to be particularly stable when functionalized with biomolecules. 8 This fact makes diamond of particular interest for biosensing applications ͑such as QCM͒ where the detection of mass loading effects could be significantly affected adversely by biomolecules becoming spontaneously untethered from the sensor surface.
The coating of QCM elements with diamond has been problematic, principally due to the phase transition temperature of quartz being significantly below standard diamond growth temperatures. 9 Even with low temperature growth techniques, 10 the coating of QCMs with diamonds has not yielded a working device. This is most likely due to the piezoelectric properties of quartz deteriorating far below the actual phase transition. A diamond coated microbalance was fabricated by Zhang et al. who grew a freestanding diamond substrate and bonded it to a QCM element. 11 This process requires a relatively thick diamond substrate with obvious cost implications and crystal loading. In this work, to bypass the restrictions of the quartz phase transition, the quartz crystal is replaced with a high temperature stable piezoelectric. In this case, the piezoelectric langasite was chosen for its lack of phase transition up to its melting point. 12 However, there are several alternatives such as gallium phosphate and langatate. 13 As the piezoelectric material is no longer a quartz, the device is called by its more generic name, i.e., a thickness shear mode resonator.
Commercially sourced langasite oscillators with a resonant frequency around 5 MHz were used throughout. In order to facilitate diamond growth on these oscillators, a SiO 2 interlayer was deposited by magnetron sputtering to a thickness around 100 nm. The substrate was then immersed in a solution of detonation nanodiamond powder and ethanol, and was exposed to ultrasound via a standard bath for 30 min. After pure ethanol rinsing and nitrogen blow drying, the substrate was placed inside an Astex 6500 microwave plasma enhanced chemical vapor deposition reactor and was pumped down to a vacuum better than 1 ϫ 10 −3 mbar. Growth parameters were 4% CH 4 diluted by H 2 , 2000 W, 25 torr, and ϳ700°C for 60 min. The temperature was monitored in situ by a Williamson Pro92 dual wavelength pyrometer. These conditions are similar to those known to grow nanocrystalline diamond in this reactor.
14 Micro-Raman measurements were done using a Dilor triple monochromator equipped with a liquid nitrogen-cooled charge coupled device detector. The incident laser light from an Ar-ion laser ͑514.5 nm, 200 mW͒ was focused on a spot size of about 1 -5 m. Scanning electron microscopy images were taken with an FEI Quanta 200F. A schematic of the fabricated structure is seen in Fig.  1 . It can be seen in this figure that the bulk wave oscillation is generated between the two metal electrodes, whereas the SiO 2 interlayer and the nanocrystalline diamond layer shift the resonant frequency somewhat due to mass loading. The frequency response of the nanocrystalline diamond coated langasite oscillator was characterized with a Hewlett Packard HP4194A impedance/gain-phase analyzer, operated in the gain-phase mode. The drive voltage was 0.125 V peak to peak. The characterization of the nanocrystalline diamond film is shown in Fig. 2 . Figure 2͑a͒ is a scanning electron micrograph image showing clearly facetted nanocrystalline diamond. The grain size of the diamond film in this case is estimated at 50-200 nm, rather bigger than required with a sizeable distribution in crystallite size. The large grain size is due to the rather thick nature of the film and the high CH 4 content used during the growth of this prototype. The morphology of this film can be optimized considerably by reducing these parameters, as the film has clearly coalesced in significantly less time that the growth duration used here. The Raman spectrum of the nanocrystalline diamond coating is shown in Fig. 2͑b͒ . A pronounced peak around 1332 cm −1 is clearly visible, indicative of sp 3 bonding. This peak is significantly broadened due to the small crystallite size of the diamond grown here. Accompanying this peak is a small shoulder starting around 1100-1200 cm −1 and a band at around 1450 cm −1 . Both of these features are attributable to nondiamond carbon and are usually observed together. The 1150 and 1450 cm −1 peaks in diamond are attributed to small amounts of transpolyacetylene at the grain boundaries of nanocrystalline diamond. 15 In addition, features at 1560 cm −1 are attributable to disordered 16 carbon presumably also at the grain boundaries. Hence, there is evidence of nondiamond carbon as well as diamond, as is expected for nanocrystalline diamond, due to the high volume fraction of grain boundaries. Figure 3 shows the phase response versus frequency for the oscillator. Clear resonance behavior is observed in the phase response. However, two spurious an-harmonic resonances are observed near the resonant frequency. These are thought to be due to the high piezoelectric coupling coefficient of langasite and are not generally observed on quartz oscillators. These are also present in uncoated langasite resonators. These anharmonic resonances do not affect the operation of the resonator with a standard phase lock amplifier, as often commercially used to track the resonant frequency of QCM crystals. The resonant frequency of this oscillator is around 5.01 MHz, very near that of the virgin oscillator of 4.95 MHz, and the impedance increased from 60 to 1000 ⍀. This impedance is still within the range of commercial microbalance electronics. Hence, the deposition of diamond at high temperature has not destroyed the piezoelectric effect of this material, although it has somewhat damped the oscillation and reduced the Q factor. In fact, the resonant frequency has increased very slightly from the virgin resonator, which is counterintuitive as the mass loading effect of the SiO 2 and diamond layer depositions should decrease the resonant frequency. This could possibly be due to the diffusion of the electrodes and carbon into the langasite at high temperatures. This would have the effect of effectively reducing the distance between the two electrodes, and hence increasing the resonant frequency. More experiments are required to confirm this phenomenon, but, if true, it could be rectified by using a buffer layer known to reduce diffusion, such as platinum, between the electrodes and the langasite. The broadening of the resonant peak is also, in part, due to the roughness of the surface, a factor easily improved in future structures with thinner diamond layers and better nucleation. This broadening effect could also account for the apparent upshift in resonant frequency.
The frequency response of this device can be further improved by the optimization of the device structure. Reducing the size of the electrodes will reduce the anharmonic resonances. The Q factor can also be improved by replacing the top metal electrode with a refractory metal upon which diamond can readily be synthesized, hence reducing the overall crystal load. The diffusion of electrode metal and 
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carbon into the langasite at high temperatures can be reduced with the choice of a suitable refractory electrode. Preliminary work has shown success with a tungsten electrode, also allowing a much thinner diamond layer due to enhanced nucleation density. This layer was boron doped for a simultaneous electrochemical access to the surface. This device resonates at 2.7 MHz, roughly half that of the device in Fig. 3 . This is expected as the langasite is about twice as thick.
In summary, a nanocrystalline diamond coated langasite thickness shear mode resonator has been demonstrated. By replacing the quartz piezoelectric with a high temperature stable piezoelectric, it is possible to grow diamond at conventional growth temperatures without the loss of the piezoelectric properties of the substrate, and hence the utility of the device. This diamond coated resonator has a number of applications in bio sensing, if functionalized, 17 electrochemical microgravity, 18 and viscoelastic monitoring of molecule / diamond surface interactions. 19 The construction of the device is simple, cheap, and robust. Quartz microbalances operating at 5 MHz are capable of detecting changes in mass as low as 0.1 ng/ cm 2 , easily detecting most biomacromolecules. Hence, this device is an ideal biosensor for liquid or gas operation, with the added benefit of the wide electrochemical window of diamond. 
